By using direct laser writing into a novel commercially available photoresist and a silicon-double-inversion procedure followed by tempering of the silicon structures, we realize high-quality centered-tetragonal woodpile photonic crystals with complete photonic bandgaps near 1.55 m wavelength. The 6.9% gap-to-midgap ratio bandgap is evidenced by the comparison of measured transmittance and reflectance spectra with bandstructure and scattering-matrix calculations. © 2010 Optical Society of America OCIS codes: 160.5293, 160.5298, 050.6875. Two-dimensional photonic crystals are already moving into applications, e.g., in enhanced light extraction from semiconductor LEDs or as a platform for high-finesse cavities. In contrast, the fabrication of high-quality three-dimensional photonic crystals with complete photonic bandgaps at optical frequencies still poses a major challenge for nanotechnology-even twenty years after their corresponding prediction [1, 2] . Different fabrication approaches have been presented [3] [4] [5] [6] [7] [8] . We have previously introduced silicon-double-inversion of polymeric woodpile templates made by direct laser writing (DLW). This technology has led to complete photonic bandgaps centered at around 2.35 m wavelength [9] . By a variation of the approach, silicon inverse woodpiles at 2.5 m have also been realized [10] . At first sight, it looks simple to just miniaturize these structures to reach telecommunication wavelengths near 1.55 m. However, this step, which is reported in this Letter, has taken three years and a combination of different tricks (i)-(iv). The wellknown layer-by-layer or woodpile photonic crystal comes in face-centered-cubic (fcc), body-centeredcubic (bcc), or centered-tetragonal (ct) form. They differ in the ratios of rod spacing, a, and lattice constant c; c / a = ͱ 2 for fcc, c / a = 1 for bcc, and other values for ct. Nevertheless, all three variants can possess a complete three-dimensional photonic bandgap, provided that the constituent transparent material has a sufficiently large refractive index. Silicon or other semiconductors are obvious material choices. Our previous results [9] were nearly fcc. Here, we rather aim at nearly bcc structures because, for fixed filling fraction, their bandgap occurs at a lower ratio of vacuum wavelength to rod spacing, a, than for the fcc woodpile. Hence, the bcc choice (i) reduces the lithographic miniaturization challenge. Still, rod spacings of about 600 nm or below are necessary to reach 1.55 m operation wavelength. While polymer woodpiles featuring lateral resolution like that have been published once previously, a sufficient axial resolution was not achieved [11] . Thus, following our unsuccessful attempts using other photoresists, we have (ii) used the novel commercially available photoresist IP-L from Nanoscribe GmbH. A significant portion of a resulting template with an overall footprint of 40 m ϫ 40 m is shown in Fig. 1(a) ; b reveals a magnified view. Here, we have used a commercial DLW instrument (Photonic Professional, Nanoscribe GmbH). In addition to small feature sizes, the IP-L resist shows very little proximity effect. This allows for (iii) engineering the aspect ratio of the effective rods as illustrated in the inset of Fig.  1(c) . The aspect ratio of the iso-intensity surface of the laser focus is 2.7 [12] . By laterally displacing 
Two-dimensional photonic crystals are already moving into applications, e.g., in enhanced light extraction from semiconductor LEDs or as a platform for high-finesse cavities. In contrast, the fabrication of high-quality three-dimensional photonic crystals with complete photonic bandgaps at optical frequencies still poses a major challenge for nanotechnology-even twenty years after their corresponding prediction [1, 2] . Different fabrication approaches have been presented [3] [4] [5] [6] [7] [8] . We have previously introduced silicon-double-inversion of polymeric woodpile templates made by direct laser writing (DLW). This technology has led to complete photonic bandgaps centered at around 2.35 m wavelength [9] . By a variation of the approach, silicon inverse woodpiles at 2.5 m have also been realized [10] . At first sight, it looks simple to just miniaturize these structures to reach telecommunication wavelengths near 1.55 m. However, this step, which is reported in this Letter, has taken three years and a combination of different tricks (i)-(iv). The wellknown layer-by-layer or woodpile photonic crystal comes in face-centered-cubic (fcc), body-centeredcubic (bcc), or centered-tetragonal (ct) form. They differ in the ratios of rod spacing, a, and lattice constant c; c / a = ͱ 2 for fcc, c / a = 1 for bcc, and other values for ct. Nevertheless, all three variants can possess a complete three-dimensional photonic bandgap, provided that the constituent transparent material has a sufficiently large refractive index. Silicon or other semiconductors are obvious material choices. Our previous results [9] were nearly fcc. Here, we rather aim at nearly bcc structures because, for fixed filling fraction, their bandgap occurs at a lower ratio of vacuum wavelength to rod spacing, a, than for the fcc woodpile. Hence, the bcc choice (i) reduces the lithographic miniaturization challenge. Still, rod spacings of about 600 nm or below are necessary to reach 1.55 m operation wavelength. While polymer woodpiles featuring lateral resolution like that have been published once previously, a sufficient axial resolution was not achieved [11] . Thus, following our unsuccessful attempts using other photoresists, we have (ii) used the novel commercially available photoresist IP-L from Nanoscribe GmbH. A significant portion of a resulting template with an overall footprint of 40 m ϫ 40 m is shown in Fig. 1(a) ; b reveals a magnified view. Here, we have used a commercial DLW instrument (Photonic Professional, Nanoscribe GmbH). In addition to small feature sizes, the IP-L resist shows very little proximity effect. This allows for (iii) engineering the aspect ratio of the effective rods as illustrated in the inset of Fig.  1 (c). The aspect ratio of the iso-intensity surface of the laser focus is 2.7 [12] . By laterally displacing three exposures with this intensity distribution by 60 nm, we obtain an effective rod with an aspect ratio of 1.46. Importantly, for small feature sizes, this superposition only works provided that the proximity effect is sufficiently small. Otherwise, the entire structure is simply overexposed. For example, this procedure does not work for the negative-tone photoresist SU-8 [12] at these dimensions. Details of the subsequent silicon-double-inversion technology have been described previously and shall not be repeated here [9] . In our present work, as an additional step, the resulting silicon woodpiles are tempered under ambient conditions at a temperature of 600°C for 24 h (iv). This transforms the amorphous silicon from the chemical-vapor deposition into polycrystalline material, which has a slightly lower refractive index and is expected to reveal a lower residual absorption coefficient [13] . Owing to the refractive-index change, the bandgap is shifted to smaller wavelengths. An oblique-view electron micrograph is shown in Fig.  1(c) . The viewing angle of 54°compresses the vertical direction in the image by a factor of 1.24. Here, a focused-ion-beam cut reveals the three-dimensional interior of the silicon woodpile composed of 16 intact individual layers, equivalent to four lattice constants along the vertical direction. Obviously, the internal structural quality is very good. Also note the cross section of the rods, which is much closer to a favorable square, as expected from the above discussion on (iii). However, the actual woodpile quality can really only be assessed by studying the optical properties. Figure 2 exhibits measured and calculated linear optical transmittance and reflectance spectra. In these experiments, we use a commercial Fourier-transform microscope-spectrometer (Bruker, Equinox 55). Employing a pair of Cassegrain lenses, the incident light has an angular spread from 15°-30°with respect to the surface normal. In this way, many directions in reciprocal space are probed simultaneously. We have performed additional transmittance measurements in which we reduced the angular spread by an aperture and tilted the sample such that illumination under 0°-7.5°incidence is achieved. In this fashion, we probe the stop band along one particular direction. As expected, the latter leads to a broader transmittance minimum. In both cases the stop band reaches transmittance levels down to about 1%. This value coincides with the transmittance level obtained from the measurement on a 200-nm-thick opaque gold pad [gray curve in Fig. 2(a) ] with about the same footprint ͑40 m ϫ 40 m͒ as the woodpiles, indicating that we have reached the measurement limit of this apparatus. These experimental results in Fig. 2(a) can directly be compared with calculations depicted in Fig. 2(b) . Here, we use the well-established scattering-matrix approach [14, 15] . We have checked that the spatial discretization of 13.02 nm in the propagation direction and the number of 197 Fourier modes laterally lead to convergent results within the linewidth of the plots. To mimic the angular spread of the incident light, we have calculated spectra for several incident angles in the respective relevant range and averaged over the obtained results. The woodpile structural parameters correspond to the experiment and are visualized in Fig. 3(b) . The silicon dielectric function is taken as 9.9. This value is intentionally lower than the literature value and effectively accounts for the small air pockets in the rods found in the experiment (see Fig. 1 ) that are not explicitly incorporated in the calculations. Experiment and theory agree well in the edge positions of the stop band. However, the stop band is deeper in the calculations than in the experiment. Furthermore, deviations are also visible in the air band, i.e., in the shortwavelength region adjacent to the stop band, for which the experiment shows an incomplete recovery of the transmittance. These deviations are very likely partly due to the above-mentioned measurement limitations but are also likely influenced by sample imperfections, i.e., deviations from perfect periodicity and surface roughness (compare Fig. 1 ). Note, however, that the overall quality is comparable to that of our previous structures at longer wavelengths [9, 10] . This statement also holds true for the peak reflectance, which is about 60% here and below 70% in [10] . The peak reflectance is strongly influenced by the surface quality determined by the reactive-ionetching process but is not relevant for the photonic bandgap that is determined by the bulk of the sample. The overall qualitative agreement between experiment and theory in Fig. 2 allows us to relate our findings to the photonic band structure. Figure  3(a) shows corresponding results calculated with the MIT Photonic Bands (MPB) package [16] for identical structure parameters as in the scattering-matrix calculations in Fig. 2(b) . Note that the actual structure is nearly bcc but not exactly bcc. Hence, to avoid possible artifacts, we have used the more general ct Bravais lattice. The corresponding Brillouin zone and its characteristic points are illustrated in Fig. 3(c) . The two gray areas aim to connect the spectra in Fig. 2 to the band structure in Fig. 3(a) . The darker area highlights the photonic bandgap, which is relevant for measurements with large angular spread. The light gray area illustrates the stop band in ⌫-XЈ direction, relevant for strictly normal incidence of light. Both regions agree qualitatively well, providing evidence that the band structure is indeed a reasonable description of our actually fabricated woodpile. The band structure shows a complete photonic bandgap with a gap-to-midgap ratio of 6.9%. It is centered around 1.6 m wavelength and reaches 1.55 m at the air-band edge.
In conclusion, by systematically improving the previously introduced approach of DLW combined with silicon-double-inversion, we have achieved threedimensional silicon woodpile photonic crystals with a complete photonic bandgap with a 6.9% gap-tomidgap ratio that reaches the 1.55 m telecommunication wavelength. This result can be the starting point for adding cavities and/or waveguide architectures, both of which are immediately possible in DLW.
